involved in transcriptional activation by the acid domain, and determinants distinct from those involved in TFIB binding are required for this function. Analysis of the total protein profiles binding to the wt and mutant domains has demonstrated the selective binding to the wt domain of a 135-kDa polypeptide, which is therefore a candidate component involved in this additional function. This is the first report to provide evidence for the proposal of a multiplicity of interactions within the acidic domain, by uncoupling requirements for one function from those for another.
Transcription of RNA polymerase II promoters is brought about by the orchestrated assembly of a large initiation complex which has a number of components including the RNA polymerase II subunits, the TATA-binding protein (TBP) and tightly bound TBP-associated factors, and the transcription factors TFIIA, TFIIB, TFIIE, TFIIF, TFIIH, and TFIIJ (for reviews, see references 30, 42, 44, 48) . The proposed mechanisms of transcriptional stimulation by activation domains in general and acidic activation domains in particular can broadly be divided into whether the physiologically relevant target is a member of the complement of basal factors of the initiation complex or an adaptor species not required for basal transcription but necessary for activated expression. For the acidic activation domains, several classes of target proteins have been implicated and evidence has been presented for direct or functional interactions with TBP (12, 20, 47) , with an activation-specific subclass of TFIID (52) , with TFIIB (26, 27) , with TFIIA (54) , and with RNA polymerase II (25) .
Vmw65 (VP16), a component of the herpes simplex virus virion, specifically activates expression of the virus immediate-early genes (2, 7, 10, 28, 37, 38, 40) by promoting the assembly of a transcription activation complex (10, 32, 33, 38, 39) . As is the case for many transcriptional activators, Vmw65 contains two distinct -modules, one of which contributes to promoter specificity and one of which contributes * Corresponding author. t Present address: Department of Microbiology, Stanford University, Stanford, CA 94305.
to transcriptional activation (1, 11, 17, 53) . The aminoterminal region of Vmw65 interacts with the host cell proteins Oct-1 and CFF (21, 23, 24, 32-34, 39, 46, 53) for the protein to be assembled onto the immediate-early specific TAATGARAT consensus motif. The acidic carboxy-terminal region of Vmw65 is dispensable for the assembly of the complex but critical for the subsequent activation of transcription (1, 17, 53, 55) . Although the Vmw65 acidic domain was reported to bind directly to TBP (47) , it was subsequently shown that TFIIB recruitment was the limiting step in initiation complex assembly and that this step was accelerated by direct TFIIB binding to the acidic domain (26, 27) . Conversely, the observation of squelching has been cited as evidence for the interaction with a titratable adaptor species (3, 15, 22, 51, 57, 60) which is not one of the basal transcription factors, and a factor with such properties has been partially purified by chromatography (15) . Certain studies on squelching indicated the utilization of different adaptor factors by different regulatory proteins (31, 51) , whereas others have indicated the use of common factors by several unrelated proteins (41) . Finally, although Triezenberg and colleagues initially demonstrated a direct interaction between the acidic activation domain and TBP (20, 47) , they have also pursued the isolation of a squelching-suppressor mutant in Saccharomyces cerevisiae (4) . The product of the suppressor gene, ADA-2, does not seem to be a general transcription factor. The authors highlight the ambiguity of the combined results by indicating that the relevance of the initial observation on TBP binding remains to be established.
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activator group are proposed to interact may reflect the fact that these proteins simply do not form a group activating transcription by a common mechanism and that the function of each protein has to be elucidated individually. However, the results to date concerning solely the acidic domain of Vmw65 are equivocal and have not yet led to a mechanism of action consistent with all the results. In this study, we have focused on requirements within the acid domain for functional activity. We demonstrate that amino acids distal to residues 452 are required for activation of a promoter containing a single target site. The results indicate that the activation domain of Vmw65 comprises the entire carboxy-terminal region. We show that the requirement of the distal portion can be overcome by using a promoter containing a multiple target site. Alternatively, duplication of the proximal region but not of the distal region restores efficient activation of a promoter with a single target site. We have examined the binding of nuclear proteins to the wild-type (wt) domain and to a variant in which the distal region was inactivated by mutation. The lack of activity of this variant is not explained by a lack of TFIIB binding. Therefore some function, in addition to TFIIB binding, is involved in transcriptional activation by the acidic domain, and determinants distinct from those involved in TFIIB binding are required for this function. From analysis of the total protein profiles binding to the wt and mutant domain columns, we provide a candidate component involved in this function and discuss these results in the light of previous findings.
MATERUILS AND METHODS Construction of plasmids. The GAL4-acidic domain vector pPO64 was produced by insertion of the NcoI-PstI fragment from pCMVGAL65 (11) into pTZ19U (Bio-Rad). The expression vectors pPO64 and pCMVGAL65 encode identical proteins consisting of the first 147 amino acids of GAL4 fused in frame to carboxy-terminal residues 410 to 490 of the Vmw65 protein of HSV-1 MP. The differences in these parent vectors are that in pPO64 the fusion protein is expressed from a cytomegalovirus (CMV) promoter region that is truncated at -220 relative to the cap site and does not contain the simian virus 40 origin region. Most of the studies reported here were performed with derivatives made from the parent pPO64, although certain variants were based on pCMVGAL65. The appropriate parent is used in the comparisons. To confirm results, certain variants were constructed in both backgrounds and similar results were obtained. The H2 deletion vector pRG37 was created by deletion of the SmaI-BamHI fragment of pCMVGAL65 and insertion of a triple-frame stop linker. Duplication of Hi (residues 410 to 452) and H2 (residues 453 to 490) was achieved by producing polymerase chain reaction fragments of the respective regions with either ClaI-KpnI linkers or KpnI-BamHI linkers. The two polymerase chain reaction fragments were cleaved with the appropriate enzyme and ligated together into the ClaI-BamHI sites of pCMVGALA (11) . The Kjpnl-BamHI fragment was produced with a primer that also encoded a TAA stop codon. The vector pSW23, in which the positions of Hi and H2 were reversed, was produced by ligating the ClaI-KpnI fragment of H2 with the Kp4nI-BamHI fragment of Hi into pCMVGAL4. Although it
is not yet known, the proline-and glycine-rich linker region within the acidic domain may have a role in allowing positioning between proximal and distal regions; therefore, an attempt was made to place a proline-and glycine-rich
Sequences of the proline-and glycine-rich linker region of the duplication and domain swap vector used in this study.
linker region between each region in the duplicated variants, as shown in Fig. 1 . All of the substitution mutations were produced by oligonucleotide-directed mutagenesis of single-stranded pPO64 by using the Amersham Mutagenesis System as specified by the manufacturer, with oligonucleotides 25 to 45 bases long containing the appropriate mismatches placed centrally. Oligonucleotides were made by using an Applied Biosystems DNA synthesizer.
The gluthathione S-transferase (GST) fusion vector pPO70, which encodes the Vmw65 activation domain fused to GST, has been described previously (36) . GST fusion vectors of mutant derivatives of the activation domain were produced by polymerase chain reaction amplification of the GAL4-acidic domain fusion vectors, using primers containing SstI and EcoRI restriction sites, and ligation into the SstI-EcoRI sites of pPO70.
The target plasmid containing one GAL4-binding site, p6CBam.UAS, was produced by insertion of a 26-bp oligonucleotide containing the GAL4 consensus binding site GATCCGGAAGACTCTCCTCCGAGATC CTAGGCCTTCTGAGAGGAGGCTCTAG into the BamHI site (position -119 relative to the thymidine kinase (TK) promoter cap site) of pLSOTAAT6c (33) . The plasmid pUASlOCAT, which contains two strong and two weaker GAL4-binding sites (5, 16, 56, 59 ) in a 159-bp upstream fragment inserted at the same site, has been described previously (33) . 50 pg of ampicillin per ml and grown for 1.5 h, and 0.1 mM isopropyl-3-D-thiogalactopyranoside (IPTG) was added. Cells were harvested by centrifugation at 3 h postinduction, and the resulting pellet was resuspended in 12 ml of phosphate-buffered saline containing 1% (vol/vol) Triton X-100. Bacteria were lysed on ice by sonication, and the resulting lysate was clarified by centrifugation at 12,000 x g. The supernatant was mixed for 30 min with 10 ml of glutathione-Sepharose beads (Pharmacia) suspended in PBS containing 1% Triton X-100 and loaded into a column equilibrated in the same buffer. After extensive washing with 20 column volumes of PBS, the GST-acidic-domain fusion proteins were eluted from the column with 5 mM glutathione in 50 mM Tris (pH 8.0).
Affinity chromatography. A total of 1 mg of GST-acidicdomain fusion protein was covalently coupled to 1 ml of CNBr-activated Sepharose (Pharmacia) as specified by the manufacturer, and the resulting column was equilibrated in buffer A (50 mM NaCl, 20 mM Tris HCl [pH 7.01, 2 mM MgCl2, 1 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 0.05% [vol/vol] Nonidet P-40). HeLa cell nuclear extracts, prepared by the method of Dignam et al. (13) , were dialyzed in buffer A and precleared over a column containing only GST protein. The GST-acidic-domain columns were incubated at 4°C with 10 mg of precleared nuclear extracts and washed with 30 ml of buffer A. Proteins bound to the column were eluted by stepwise increases in the concentration of NaCl in buffer A. Eluted proteins were resolved by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and detected by by silver staining development (Bio-Rad) or Western immunoblot analysis.
TFHB antibody production. Plasmid pGST-TFIIB was constructed by mung bean nuclease treatment of the NheIBamHI fragment from pHIIB (18) and ligation of the resulting blunt-ended TFIIB fragment into the SmaI site of pGEX-2T. GST-TFIIB was overexpressed and isolated as described above. The GST-TFIIB fusion protein was cleaved with thrombin, and the released TFIIB was diluted in 10 volumes of buffer containing 20 mM Tris (pH 7.5), 10 mM 3-mercaptoethanol, 0.1 mM EDTA, 20% (vol/vol) glycerol, and 100 mM KCl and purified by fast protein liquid chromatography ion-exchange chromatography on a Mono S HR5/5 column (Pharmacia) equilibrated in the same buffer.
The purified TFIIB, which eluted at approximately 400 to 450 mM KCl, was completely pure as judged by SDSpolyacrylamide gel electrophoresis of the purified fraction and Coomassie brillant blue staining. Polyclonal antibody was raised against TFIIB by injecting 250 ,g of purified TFIIB mixed with Freund's adjuvant into a rabbit and following this with two further injections at 4-week intervals (Serotec Ltd.). Serum was harvested 10 weeks after the initial inoculation and was purified by ammonium sulfate precipitation and by subsequent chromatography elution on a protein G column (Pharmacia).
Western blot analysis. Eluates from the GST-acidic-domain affinity columns were separated by SDS-polyacrylamide gel electrophoresis and blotted onto nitrocellulose as described previously (6) .
RESULTS
The distal portion of the acidic activation domain is required for activation of a single-site target. Previously it has been shown that the carboxy-terminal region of Vmw65, when linked to the DNA-binding domain of GAL4, is an extremely potent activator of transcription of target promoters containing GAL4-binding sites, in both yeast and mammalian cells (11, 45) . In addition, the purified GAL4-acidic domain fusion protein has been shown to be capable of producing activation in in vitro transcription systems (9) . Therefore in this study to refine the requirements within the acidic carboxyl region for activation, we constructed deletion and substitution mutant derivatives in the context of GALA fusion proteins. For ease of identification, we refer to the regions encompassed by the proximal and distal portion of the Vmw65 activation domain as Hi (residues 410 to 452) and H2 (residues 453 to 490), respectively. Hi and H2 encompass the two aspartic acid-rich regions which are separated by a proline-glycine rich linker region (Fig. 2a) .
Earlier studies indicated that the distal portion of the Vmw65 carboxyl region is largely dispensable for activation, since deletion of H2 results in at most a 50% reduction in activity (17, 53) . The deleted version of the acidic domain has therefore been frequently used for studies of the activation function and identification of target proteins. Therefore, to examine requirements for activation, we initially wished to concentrate on the proximal region (H1; Fig. 2a ). In parallel, the full-length fusion vector (pCMVGAL65; Fig. 2a ) and the truncated version (pRG37; Fig. 2a ) were cotransfected with a target plasmid in dose-response experiments. The truncated variant contained all the acidic residues in the Hi region and terminated in the linker region at residue 453. The target plasmid encoded a recombinant CAT gene linked to the TK promoter containing an upstream GAL4-binding site. Typical results of these cotransfections are shown in Fig. 2b . As expected, the full-length fusion protein induced expression extremely efficiently, resulting in increases in CAT activity of over 100-fold at 10 ng of pCMVGAL65 and at least 300-fold at 500 ng, when the assay became limiting for the chloramphenicol substrate. Over the course of this work, pCMVGAL65 routinely activated expression from this target vector by up to 200-fold (e.g., Fig. 2b ; see also version to activate expression was due to its poor synthesis. Aliquots of extracts from cells transfected with each of the vectors were therefore used in gel retardation experiments to examine the levels of DNA-binding activity obtained for the wt and truncated proteins. The results (Fig. 2c) demonstrate that the lack of activation was not due to lack of expression or DNA-binding activity. When the radiolabeled GAL4 upstream activator sequence (UAS) motif was used as a probe, novel binding complexes were observed with both extracts. As expected, the novel complex observed in extracts of pCMVGAL65-transfected cells exhibited reduced mobility compared with that of the novel complex from the pRG37-transfected cells. Neither complex was observed in extracts from cells transfected with a control vector (Fig.  2c) , and both novel complexes were specific for the GAL4 UAS (data not shown). Virtually identical levels of UASspecific DNA-binding complexes were observed for both full-length and truncated proteins. In addition, Western blot analysis indicated that total protein levels of the full-length and truncated versions were similar (data not shown). Therefore, under conditions where the wild-type protein efficiently transactivates target gene expression, deletion of residues 453 to 490 results in almost complete abolition of activity; in contrast to previous studies, these results indicate that the distal region H2 plays a major role in the functional activity of the acidic domain.
The distal portion of the acidic activation domain is not required for the activation of a multiple-site target. Since the effect on activity of the acidic domain by truncation of H2 did not simply reflect an effect on protein synthesis or DNA-binding activity, we considered that the dramatic differences observed in our results, in contrast to the minor effect seen previously, may reflect the use of the target promoter. In our study we used a target promoter with a single GAL4-binding site, since this is sufficient to promote very efficient transactivation by a wt GAL4-acidic-domain fusion protein (e.g., Fig. 2a) , whereas previous studies have used target vectors with multiple GAL4-binding sites. We therefore compared the activity of the full-length and truncated proteins on target genes (Fig. 3b) containing single or multiple binding sites. (In this and later experiments, the wt protein is encoded by plasmid pPO64, which varies from pCMVGAL65 in containing a weaker CMV promoter. The corresponding truncated version is pSW3, and other derivatives were similarly made in a pPO64 background. The same results were obtained in each vector background [see Materials and Methods].) As expected from the results above, cotransfection of the single-site target, p6CBam. UAS, with pPO64 resulted in efficient activation (up to 200-fold at 1 ,ug of plasmid), whereas the truncation mutant (pSW3) increased expression by approximately fivefold (Fig.  3a, left-hand panel) . In striking contrast, deletion of the H2 region had no detectable effect when assayed on the target gene with multiple GAL4-binding sites (pUASlOCAT). Activation of expression of this target gene was virtually identical for full-length and truncated versions at all doses tested (Fig. 3a, right-hand panel, and Fig. 4) . Therefore, the effect of the deletion in the acidic domain was dependent on the number of GAL4-binding sites present in the target promoter.
The observation that pSW3 functions as well as the wild-type vector on the multiple-site target provides additional evidence that the defect on the single-site target was unlikely to be due to expression or conformation of the truncated protein itself. Nonetheless, in a further attempt to rule out the possibility that deletion per se was having some other structural effect on an otherwise functional truncation protein, we constructed a full-length protein in which H2 was inactivated by amino acid substitution rather than deletion. We changed three successive phenylalanine residues (F-473, F-475, and F-479) to alanine within H2 (pSW4) to produce a more conservative mutant which was still full MOL. CELL. BIOL. length and had no charge alterations. As shown in Fig. 3 , the substitution mutant pSW4 failed to activate the target plasmid containing the single GAL4 site and exhibited virtually the same low level of activity as the deletion mutant pSW3.
In contrast, pSW4 efficiently activated expression from the multisite target. In fact, the use of the multisite target completely compensated for the effect of the mutation, and there was no significant difference between the wt and pSW4 at any of the doses tested ( Fig. 3 ; for a summary, see Fig. 7 ). Therefore, substitution of residues within H2 produced the same phenotype exhibited by truncation of H2, and the use of a multisite target masked the deleterious effect of mutation within this region. bic residue F-442 and the neighboring charged residues D-443 and D-445, mutated in either the full-length protein (pSW1 and pSW2) or the truncated version (pSW5 and pSW7). In a similar fashion to that described above, the mutations in the Hi region were also examined in variants in which the H2 region had been inactivated by mutation (pSW6 and pSW8) rather than by truncation. The structures of these and other variants were confirmed by sequence analysis; for a summary of these constructs, see Fig. 7 .
Consistent with previous results, mutation of F-442 within the truncated activation domain has a dramatic effect on activity. When assayed on the multisite target (since the parent pSW3 functions in this context only), substitution of F-442 (pSW5) resulted in a 100-to 200-fold decrease in transactivation potential (Fig. 4 , compare pSW3 and pSW5; and Fig. 5 ). However, when assayed in the background of the full-length protein, substitution of F-442 affected activity, but to a much lesser degree, on both multisite and single-site targets (Fig. 4 50 -fold with either target (see Fig. 7 for a summary). Similarly, substitution of two of the charged residues, D-443 and D-445, resulted in virtually complete loss of activity when assayed in the context of the truncated variant (Fig. 5, compare pSW3 and pSW7) . However, when assayed in the context of the full-length domain, these substitutions had a comparatively minor threefold effect when a single-site target was used (Fig. 5 , compare pPO64 and pSW2) and virtually no effect on activation of a multisite target (Fig. 4) .
These results were reinforced by assaying the effect of mutations in the Hi region when the H2 region was inactivated by mutation rather than by truncation. Therefore, whereas the mutations in H2 (pSW4) have little effect on a multisite target, (Fig. 3, right-hand panel) and the aspartic acid substitutions in Hi similarly have little effect (Fig. 4) , the combination of these mutations essentially abolishes activity (see Fig. 7 , compare pPO64, pSW2, pSW4, and pSW8). Similar results were obtained when examining the effect of F-442 in the Hi region in the presence or absence of mutations in the H2 region (see Fig. 7 Fig. 7 ). Together, the results indicate the involvement of some function which requires either multiple copies of the truncated Hi domain or the integrity of the complete domain if activation is to be observed on a single site. A model which accounts for these results and which reconciles previous observations on the mechanism of the acidic domain is presented below (see Discussion).
Duplication of Hi restores activation to a single-site target. Since the Hi region efficiently activates expression only when acting on a multisite target, it is reasonable to presume that this reflects the presence of and requirement for multiple copies of the Hi region on the target gene. The implication of this result is that although a single Hi region is inactive, the activation function may be restored by physical linkage of two or more copies of Hi, which would then be active on a single site target.
To address this question, we constructed vectors based on pCMVGAL.65 containing two copies of the regions Hi arranged in tandem. Although it is not yet known, the proline-glycine rich linker region within the acidic domain may have a role in allowing positioning between proximal and distal regions; therefore the the duplicated variants were constructed so as to place a proline-glycine linker region between each region (see Materials and Methods and Fig. 1 ).
As indicated in Fig. 6 , the Hi-duplicated variant (pSW21), although less efficient than the parental construct, nonetheless produced significant levels of activation of the single-site target. At 10 ng the wt and Hi-duplicated construct activated expression by 30-and 15-fold, respectively, and at higher doses each construct activated expression to similar high levels (>50-fold), when the assay became substrate limiting.
Over the course of this work, the Hi-duplicated construct produced levels of activation approximately 40% of wt levels ( Fig. 6 ; summarized in Fig. 7) . Therefore, duplication of Hi restores efficient activation of a single-site target and repro- duces the effect of the truncated region acting on a multiplesite target.
To address the same question for the H2 region, we constructed an analagous vector containing tandem copies of H2 (pSW22). In contrast to the situation with Hi, the duplicated H2 region clearly was not an efficient activator of gene expression. At the 10-and 100-ng doses, when the parental and Hi-duplicated constructs activated expression efficiently, the H2-duplicated construct produced no detectable increase in expression. Although some increase in target gene expression was detected at higher doses, over the course of a number of experiments pSW22 produced no greater activity than did the truncated variants (Fig. 6 , compare pSW22 and pRG37) and was an extremely poor transactivator compared with the parent or Hi-duplicated constructs. As for previous comparisons, gel retardation analysis of extracts from cells transfected with the duplication vectors pSW21 and pSW22 indicated that the difference in activity was not due to differences in expression or DNA binding (data not shown). Note that the inactivity of the duplicated H2 construct pSW22 on the single-site target is consistent with the relative inefficiency of the single H2 construct (pSW46) on the multisite target (data not shown; Fig. 7) .
To complete this analysis, we reversed the relative positions of Hi and H2 (pSW23). This variant, although less active than the parent, was still able to activate expression and again was considerably more active than the H2-duplicated or truncated variants (Fig. 6, compare pCMVGAL65 , pSW23, and pSW22). These results indicate that the two subregions of the activation domain may have distinct features. The H2 region is required but not sufficient, whereas the Hi region is required and sufficient if appropriately presented, i.e., as a full-length domain or a truncated domain in multiple copies. These results imply that only Hi contains sufficient determinants to act independently when presented in the correct conformation. Duplication of Hi restores the structural requirements for the activation domain, as does the use of multiple GAL4-binding sites.
Activation domain-binding proteins. One possible mechanism by which the acidic domain activates transcription may be by the recruitment of factors involved in the assembly of the initiation complex and/or the recruitment of adapter factors which may accelerate the frequency of initiation but are dispensable for basal expression. In previous studies the acidic activation domain has been linked to Staphylococcus aureus protein A or GST to examine interactions with identified transcription factors such as TBP (20, 47) and TFIIB (26, 27) . These studies have been performed both with the intact activation domain and with H2-deleted variants, since it has been assumed that such a truncated variant with only a single Hi region was almost as effective as the wt domain. Moreover, previous work has assessed the binding only of factors that have already been purified or cloned, and no report has yet presented the total profile of nuclear proteins which bind the acidic domain. Such information is necessary to place in proper context the interactions of (F473-A, F475-A, F479-A) . Unbound material (lane U) was collected, and the columns were washed with 20 column volumes of loading buffer. Proteins bound to the columns were sequentially eluted in two 1-ml fractions at increasing concentrations of NaCl (150, 200, 400, 600, or 800 mM) as indicated. Aliquots from each fraction were resolved on SDS-polyacrylamide gels (12% polyacrylamide), and proteins were detected by using a silver-staining kit (Bio-Rad). The solid arrow indicates the position of the GADH band, and the open-headed arrow marked with an asterisk denotes the position of the 135-kDa species, which is absent in the profile of proteins which bound to substitution mutant column. (B) Western blot analysis was performed on the eluates by using a polyclonal antibody raised against TFIIB. The primaly rabbit antibody against purified TFIIB was used at a dilution of 1:1,000 and detected with horseradish peroxidase-conjugated goat anti-rabbit antibody at a dilution of 1:2,000. The arrow denotes the position of TFIIB. The left-hand lane illustrates the migration of molecular mass markers (in kilodaltons), and fractions are indicated as for panel a. The parallel migration and cross-reaction of purified TFIIB is also shown (right-hand lane, TFIIB).
known transcription factors and to correlate the effects of functional mutations with the binding of as yet unidentified target proteins to which specific probes are unavailable. Therefore, in this study we wished to examine the profile of nuclear proteins that bound the activation domain and specifically relate this to the role of the distal H2 region. In particular, we wished to examine whether the effect of inactivation of the H2 region by the phenylalanine substitutions (pSW4) could be explained by an alteration in binding of TFIIB, which has been shown to bind to the acidic domain with a resulting increase in transcription rate (26, 27) .
The wt activation domain (residues 410 to 490 of Vmw65) or the mutated domain analagous to that in pSW4 was fused to the GST gene to facilitate the production, purification, and covalent linkage to Sepharose of GST-acidic-domain fusion proteins (see Materials and Methods). Affinity chromatography was performed on each of these columns with extracts from HeLa cells which had been precleared over control columns containing GST protein alone. The unbound fraction was collected, and after extensive washing, bound nuclear proteins were sequentially eluted with increasing concentrations of NaCl and analyzed by SDS-polyacrylamide gel electrophoresis. Examination of silver-stained gels indicated that a number of proteins were bound by both the wt and mutant domains (Fig. 8a) and that overall profiles from the two columns were extremely similar. (All of the components were bound as a result of interactions, directly or indirectly, with the acidic domain, since no proteins, even from an unprecleared extract, were detected on columns containing just the GST moiety.) The most abundant protein retained on the column was a 35-kDa species which eluted in the 150 to 200 mM fractions (Fig. 8a, solid-headed arrow) . These eluates also contained a number of other proteins (Fig. 8a) including a triplet of species migrating between approximately 150 and 120 kDa. We have determined that the major 35-kDa protein is in fact glyceraldehyde-3-phosphate dehydrogenase (GADH), a glycolytic enzyme involved in the generation of intracellular ATP. Although it is unlikely that GADH has a specific role in the activity of the acidic domain, its binding may be pertinent to studies of the mechanism of action of the acidic domain based on squelching (see discussion). To examine specifically the binding of TFIIB to the wt and mutant domains, the same fractions as those analyzed for total protein binding were separated by SDS-gel electrophoresis, transferred to nitrocellulose, and then probed with an antibody specific for TFIIB (Fig. 8b) . The antibody recognized a 33-kDa species in the load material (Fig. 8b,  lane L) , which comigrated with pure TFIIB (Fig. 8b, righthand lane) . Although approximately 98% of the total protein was found in the unbound material (Fig. 8a , compare lanes L and U), no TFIIB was found in this fraction (Fig. 8b, lane  U) . Instead, TFIIB was quantitatively retained on the column and eluted mainly in the 200 mM NaCl fractions (Fig.  8b) . Importantly, the abundance of binding and profile of elution of TFIIB were virtually identical for the wt and mutant domains (Fig. 8b , compare the left-hand and righthand panels).
We have also attempted to examine any difference in TBP binding to the wt and mutant domains, since early results indicated a direct interaction with TBP which may be relevant to acidic-domain transactivation. However, under conditions where TFIIB bound quantitatively, TBP remained completely unbound even to the wt domain (data not shown). This is consistent with the later results of Lin et al. (27) , who showed that any interaction with TBP was relatively weak. It may be that under our assay conditions, weak binding would not be detected. However, as indicated in a recent report, the relevance of direct TBP binding remains to be established in any case (4) . Therefore, although it is a formal possibility, we view it as unlikely that TBP binding accounts for the difference in activity of an H2 mutated variant.
On the other hand, TFIIB bound quantitatively in the face of high levels of competing protein, consistent with the previous results demonstrating that this is a critical requirement for activation. The lack of a requirement for a functionally intact H2 region for normal levels of TFIIB binding is also consistent with previous results (27) , but our results now indicate that a defect in some additional function must now be sought to explain the phenotype of the H2-defective mutant. The results lead to the conclusion that although TFIIB binding may be required, it is not sufficient for the transcriptional activity of the acidic domain. Interestingly, one major difference was observed between the wt and mutant proteins in the total profile of retained species. A polypeptide with a molecular mass of approximately 135 kDa was eluted from the wt column in the 400 mM NaCl fractions (Fig. 8a, open-headed arrow) . (This species comigrated with a protein in the middle of the triplet species at 160 to 130 kDa.) Minor differences between the elution profiles of the two columns observed in Fig. 8 were not reproducible. The main consistent difference between the elution profiles of the wt and mutant column was the absence of this 135-kDa species in the fractions from the mutant column. Clearly, until the transcriptional apparatus has been completely characterized and there are probes for all relevant factors, it is impossible to conclude that this is the only difference between the profiles of the two columns. The important feature of these results is that no previous study has reported on 
DISCUSSION
Previous work has demonstrated that the organization of TFIIB onto a target promoter may be the limiting step in transcriptional initiation and that the acidic domain of Vmw65 accelerates this step by direct physical binding of the factor (26, 27) . Equally compelling evidence has accumulated for the involvement of an adaptor species, which is not necessary for basal transcription but is specifically required for the activation of transcription by the acidic domain (3, 15, 22, 30, 51, 57, 60 Fig. 9 . The model has to account both for the major deleterious effect on activity of the acidic domain by truncation (pSW3) or mutation (pSW4) of the H2 region and for how such mutants function almost as efficiently as the wt on a multipletarget-site promoter. In Fig. 9 the dimeric GAL4 DNAbinding domain (8, 29) is illustrated by open circles and the acidic domain is illustrated by a solid line. Comparisons are made either in rows or in columns as indicated. We propose that the formation of a particular physical determinant (Fig.  9 , row a, shaded patch) is necessary to promote some function distinct from TFIIB binding (Fig. 9, shaded Fig. 9, row a) . To explain the activity of the truncated variant on the multisite promoter we propose a physical interaction between two Hi subregions, again possibly by hydrophobic interaction, which would be facilitated from the arrangement of the adjacent GALA dimers and would reconstitute the additional determinant (Fig. 9, row b) . This predicts that the Hi region alone contains the requirements to form this determinant, but only if presented in the appropriate way, and we confirm this by showing that a variant containing a physically linked duplication of the Hi region activates expression on a singletarget-site promoter ( Fig. 6 ; summarized in Fig. 9, row a) . Although the H2 region can promote formation of the determinant when in association with Hi, it cannot do so by duplication.
The more dramatic effect of mutations in the context of the truncated domain when using a multisite target compared with the effect on the full-length domain when using a single-site target is consistent with this model (Fig. 9,  columns 1 and 2 ). Thus the mutants SW2 and SW1 function on the single-site target, albeit with three-to fivefoldreduced efficiency (Fig. 9, column 1) , whereas the equivalent mutations in the truncated variant would be present in both copies of the subregion necessary to reconstitute the determinant and, as a consequence, would have a considerably greater effect (Fig. 9, column 2) .
This model proposes an alteration in our understanding of what actually constitutes the acidic activation domain. Taking as the starting point the efficient activation of a single site target by the wt domain, there is an involvement not only of TFIIB, for which there is strong evidence (26, 27) , but also of some additional function requiring distinct structural determinants within the domain. This conclusion reconciles apparently conflicting observations on the target of the acidic domain by indicating that a multiplicity of interactions may be involved in activation. Although this could be argued by simply accepting that different reports have identified different targets, this is the first report to provide evidence by the analysis of structural requirements within the domain. These results also account for recent observations of synergy in transactivation by multimerizing the activation domain (14) . This latter study reported a synergistic increase in activity by multimerizing the acidic domain in GALA fusion proteins. However, in this case the authors were using a truncated variant, equivalent to the Hi region alone, as the activation domain. Our results account for the synergistic increase by simply reconstituting what is the true activation domain, rather than by a truncated but fully functional domain being able to synergize with itself.
The additional requirement for activity reported in this work could clearly be related to the adaptor species proposed from in vivo and in vitro transcription titration experiments. However, to date there have been no reports of the purification or biochemical characterization of adaptor factors for acidic activation domains, and the coactivator species which mediate activation by other domains do not promote the function of the Vmw65 domain (43, 50 the factors involved in transcriptional regulation, any reproducible differences in the binding profiles of active and inactive variants represent candidate components of the additional function, and, as such, the purification and cloning of the gene for the 135-kDa protein are now being pursued. Whether this protein is related to any of the adaptor species indicated by titration experiments awaits some biochemical characterization of the relevant components.
The proposal for a structurally complex activation domain is supported by results from the dissection of the activation domain of another herpesvirus protein, that of the EpsteinBarr virus R transactivator (Rta), and the compensatory effect of multiple-target-site promoters on deleterious mutations has also been observed (19) . Although the acidic activation domain of Vmw65 may use different combinations of target proteins from those mediating Rta activation, it was shown that a region encompassing approximately 80 residues (with some similarity in charged and hydrophobic residues) was necessary for efficient activation of a singletarget-site promoter. Mutation at any of a number of positions within the domain severely affected function, but these mutations had little if any effect when assayed on a multisite target (19) . Similarly, the activation function of the Fos-Jun complex was shown to require two subregions which were required together to induce transcription in the context of GAL4 fusion proteins (49) , although in neither of the above cases have potential target proteins for the activation domains been identified, and is it not known whether any other function is involved in addition to that promoted by the structurally complex determinant. We show that the acidic activation domain of Vmw65 is also structurally complex, promoting some function, either by two subregions having some independent activity but acting highly cooperatively or by the formation of a single determinant, which is required in this case in addition to TFIIB binding. Structural and functional complexity may be a general feature of activation domains, which may act at more than one step or interact with multiple-target factors. Thus, combinatorial control, which normally indicates control of assembly of a specific DNA-binding complex by appropriate protein-protein interactions, could also be involved in the subsequent activation process itself. This proposal for other activation domains will gain support with the demonstration of mutations which uncouple the requirement for one function from those of another, as shown here for the acidic domain of Vmw65.
